Abstract: When identifying the conditions required for the sustainable and long-term exploitation of geothermal resources it is very important to assess the dynamics of processes linked to the formation, migration and deposition of particles in geothermal systems. Such particles often cause clogging and damage to the boreholes and source reservoirs. Solid particles: products of corrosion processes, secondary precipitation from geothermal water or particles from the rock formations holding the source reservoir, may settle in the surface installations and lead to clogging of the injection wells. The paper proposes a mathematical model for changes in the absorbance index and the water injection pressure required over time. This was determined from the operating conditions for a model system consisting of a doublet of geothermal wells (extraction and injection well) and using the water occurring in Liassic sandstone structures in the Polish Lowland. Calculations were based on real data and conditions found in the Skierniewice GT-2 source reservoir intake. The main product of secondary mineral precipitation is calcium carbonate in the form of aragonite and calcite. It has been demonstrated that clogging of the active zone causes a particularly high surge in injection pressure during the fi rst 24 hours of pumping. In subsequent hours, pressure increases are close to linear and gradually grow to a level of ~2.2 MPa after 120 hours. The absorbance index decreases at a particularly fast rate during the fi rst six hours (Figure 4 
INTRODUCTION
In addition to corrosion, the precipitation and sedimentation of mineral compounds (scaling) is one of the key problems associated with the exploitation of geothermal water. These processes often lead to the clogging of the inside of installation components and source reservoir rock formations, thus limiting their exploitation capacity, in particular the re-injection of water, by reducing productivity and absorbance capacity. This has an impact on the costs of equipment and the exploitation of geothermal facilities and therefore on the costs of obtaining energy from the system. In extreme situation this may cause the need to ARCHIVES OF ENVIRONMENTAL PROTECTION vol. 38 no. 3 pp. 105 -117 2012 temporarily shut-down the installation or some of its components. This phenomenon occurs at varying degrees of severity in several geothermal installations in Poland and abroad. The injection of used geothermal liquids (cooled through the recovery of energy in surface installations) requires the overcoming of resistance consisting of load loss in boreholes, pressure loss related to the injection of liquid into the water carrying layer and the skin effect (losses of load caused by the layer directly adjacent to the fi lter). Polarisation of concentrations and changes in the thermodynamic status of water often lead to the precipitation of secondary sediments on top of the above. The intensity of scaling mainly depends on physical properties and chemical composition of water, more particularly on carbonate hardness, fl ow velocity, temperature and pressure [2, 16, 18] . Secondary mineral deposition often results in scaling of the active sections of the fi lter and gravel fi ltration pack in injection wells and change in the primary properties of the source reservoir rock formations such as density, porosity and permeability [3] .
Assessment of the propensity of sediment precipitation and clogging of the active zone in injection wells is one of the key elements of the studies to be considered, and already taken into account, at the design stage of geothermal installations, the opening and testing water resources and also at the stages of exploitation and re-injection of the water [5, 7, 8, 9, 11, 12, 16, 17, 18] . This issue plays a particularly important role in the re-injection of highly mineralized brine into porous sandstone formations. The paper proposes a mathematical model for describing how the absorption index and water injection pressure required changes with time under operating conditions modeled on a well doublet (exploitation-injection borehole) for water resources in the Liassic sandstone structures of the Polish Lowlands. The calculations were based on real data from the Skierniewice GT-2 well intake area.
PARAMETERS OF THE RESOURCE RESERVOIR ROCK FORMATION AND CONSTRUCTION OF THE INJECTION WELL ZONE
The key rock formations at the study site are the Kłodawa strata (lower Liassic -hetang, synemur) of the lower Jurassic series which are formed of sandstones intersected with interrupted series of low-permeability or impermeable sediments (compact fi ne-grain sandstone, mudstones and claystones). The most important impermeable complex is the lower toarsian clay-and mudstone formation. Theoretical analyses were carried out based on data derived from the exploitation of the Skierniewice GT-2 well. The active zone of the injection borehole stretches across the upper Kłodawa strata, which can be exploited between the depths of 2771 m and 2886 m (see Figure 1a) .
A multi-section Johnson's screen has been installed in the borehole with its active sections in the following intervals: 2801.66-2825.73, 2843.78-2849.80, 2855-2893.84 m (a total length of 48.13 m) (Figure 1b) . The fi lter gap is 0.5 mm, and the total surface of the gaps accounts for 10% of the overall fi lter surface. Before installation of the fi lter, the borehole was expanded up to a diameter of 432 mm (450 mm in some sections) in the 2801-2886 m. The fi lter section is fi lled with gravel pack of a grain size ranging from 1.0 to 2.2 mm [1] . The upper section of the fi lter interval is lithologically diverse, with packs of compact, fi ne-grain sandstone with layers of mudstone and claystone, there are also some secondary low-uniformity sandstone formations. The effective porosity is 7-14% and the permeability is 1-180 mD. Lithological diversity is also signifi cant in the lower sections of the borehole, with packs of loose, coarse grain sandstone with the best collector properties, but their thickness is low (3 to 7 m). There are micro-gaps present in that section. Porosity ranges from 11% to 18% and the permeability varies between 38 and 6800 mD, with the high values (1200-6800 mD) identifi ed in the coarse and medium grained sandstones, and sometimes also in other friable formations [1] .
The analysis of the GR profi ling showed that the active section of the fi lter in the injection well investigated opens only 19 m of the sandstone layer, while the rest of the profi le consists mainly of mudstone and claystone [4] .
PHYSICAL PROPERTIES AND CHEMICAL COMPOSITION OF THE THERMAL WATER
Mineralisation of the geothermal water pumped from the exploitation well ranges from 101.5 g/dm 3 to 113.8 g/dm 3 . The water is slightly acidic (pH around 6.45 -fi eld measurement). It represents a reductive environment (Eh = -515 --200 mV). The temperature of the water at the pumping speed of 60 m 3 /h is 57.2°C. The ion pool is 
METHODOLOGY OF THE ANALYSES
To estimate the clogging dynamics of the injection well, geochemical modeling was fi rst performed (using the PHREEQCI software, version 2.17, [14] ) and this has been further used to determine the quantitative and qualitative tendency for precipitation of secondary sediments from the thermal water. This information was then used to evaluate the decrease in absorbance and to forecast changes in pressure necessary to inject the cooled waters into the rock formation. The mathematical modeling of the effects related to clogging of the active zone was based on calculation algorithms taking into account:
• Flow resistance in the borehole, described with the following equation [15] : Relationship (2) is true assuming that: the thickness of the layer is constant and infi nite, fl ow within the layer is laminar and horizontal only, the layer is completely crossed by the fi lter, permeability of the layer is isotropic, the viscosity of the liquid does not vary within the layer (it is not, for instance, a function of pressure and temperature), the layer is completely saturated with the liquid, the stream of injected liquid is invariable in time and that there are no interactions between the injection and exploitation wells.
• Resistance generated by the water bearing layer in the fi lter zone (the so-called skin effect), according to [10] : The required injection pressure is determined by the following formula:
where: ∆p -total required excess pressure to be generated by the injection pumps The absorbance index qc, [m 3 /s / Pa], expressing the ratio between the stream of liquid being injected into the source layer and the excess pressure to be generated by the injection pumps has been defi ned as follows:
where: V -stream of injected water [m 3 /s], ∆p -pressure head generated by the injection pumps [Pa] . Figure 2 shows thermodynamic equilibrium distributions of the water analysed within the temperature range of 20°C to 80°C. These indicate that water at a source layer temperature of 68°C is saturated mainly with the rock minerals from the reservoir, i. e., silicates, aluminosillicates as well as clay and carbonate particulates. The analyses also demonstrated super-saturation of the water with iron-based minerals: goethite and hematite. Sulphate-based minerals (anhydrite and gypsum) can dissolve in water.
Precipitation of secondary sediments from the thermal water
The water is super-saturated with carbonate mineral phases at a temperature of 50°C (temperature of the water injected in the rock formations during the absorbance tests). At a temperature of 50°C (temperature of the water injected into the rock formation when carrying out the absorbance tests), water is super-saturated with carbonate mineral phases (aragonite, calcite and dolomite), silicate phases, aluminosillicates and clay minerals: albite, illite, K-mica, kaolinite, quartz and iron-based forms, mainly oixides and oxyhydroxydes (goethite and hematite) (Figure 2 ). Taking into account the thermodynamic parameters of the water under the conditions described, it has been estimated that the amount of sedimentation in the immersed fi lter zone can reach 0.063 mg/dm 3 of solids, mainly in the form of aragonite. At a fl ow intensity of 25 m 3 /h this corresponds to approximately 1.5 kg of calcium carbonate, and at 50 m 3 /h, twice that amount, i.e. approximately 3 kg per hour (the length of the active section of the fi lter is 48.13 m).
Dynamics of the clogging process in the active area
The dynamics of the clogging process in the injection well and the resulting changes in the absorbance index and the pressure required to inject cooled water into the source rock formation were analysed based on the following assumptions:
• Construction of the injection borehole: • Range of the zone affected by the skin effect -1.25 m and its permeability -10 D (the commissioning documentation suggested a negative value of the hydraulic skin effect coeffi cient leading to such a high value of permeability), • The forecast time of water injection is counted from the start-up of the borehole after cleaning the scale products causing the clogging (after acid treatment), • The quantity of products causing the clogging in the fi lter zone is 0.063 kg/m 3 . It has been determined based on analyses that take the chemical composition of water into account, It has been assumed that the products of secondary clogging sediment in the internal parts of the fi lter and gravel pack and have a permeability of 7 mD. The results of calculations based on the model are shown in Figures 3 to 6 . A gradual change in injection pressure is shown in Fig. 3 which results from clogging in the active zone.
The forecast shows the injection pressure increasing particularly rapidly in the fi rst 24 hours of pumping. In the subsequent hours of the analysed period the increase in pressure is close to linear and continual, reaching a value of ~2.2 MPa at 120 hours. The value of the absorbance index declines, more particularly in the fi rst six hours (Fig. 4) . In the investigated period, the value decreases from more than 42 C to approximately 18 m 3 /h/MPa at 120 hours after initiation of the injection. The results of analyses based on the model were verifi ed with absorbance tests in the injection borehole, using the same fl ow intensity and temperature of the water injected into the source rock formation. The results of the forecasts and real measurements taken at the borehole are comparable. The absorbance index measured during hydrodynamic tests dropped down to approximately 20 m 3 /h / MPa after 120 hours. Figure 6 shows the variability of the absorbance index and injection pressure over 120 hours as a function of stream of brine exploited by the geothermal doublet. In the hydro-geothermal conditions analyzed, a sudden drop in absorbance index is being observed when the injection capacity is 50 m 3 /h. Above the value of 50 m 3 /h, the value of the absorbance index decreases at a much slower pace.
The key product of secondary mineral precipitation from the geothermal water in the system investigated is calcium carbonate in the form of aragonite and calcite. The geo-chemical modeling performed has demonstrated a tendency to precipitate these crystalline forms of CaCO 3 . Calcite is the more stable phase, usually forming through re-crystallization of aragonite, which is the less stable form of calcium carbonate -the fi rst one to form in the process of mineral precipitation from the solution, more particularly from higher temperature waters (including geothermal water). The presence of these minerals has been demonstrated in samples of materials discharged from the borehole during implementation of the source zone cleaning procedures. Secondary precipitation products and products of corrosion of the pipes coat the fi lter and the gravel pack, and are carried with the injected water so penetrating the reservoir rock formations (probably they are also deposited and form accumulation clusters in the structures of the reservoir rock). As a result, absorbance of the boreholes, borehole zone and source rock formations is decreasing and this has been clearly demonstrated in the analyses performed based on the model and in the practical results from the injection of water into the rock formations.
The above-mentioned processes and observed consequences may have various levels of intensity, depending on the fl ow and temperature of water streams injected into the rock formation. Figure 6 shows the relationship between the absorbance index and the fl ow of injected brine, suggesting a dramatic and sudden drop of the index in the fl ow range up to 50 m 3 /h. After exceeding 50 m 3 /h, the value of the absorbance index decreases at a slower rate -of course an increase in the injection pressure required is still observed.
SUMMARY
Analysing the impacts of particular factors on conditions linked to the re-injection of mineralized waters into the source rock formation, one can conclude that due to the number of variables involved, the mathematical description of the process is both complicated and ambiguous. The mathematical description of the physical properties of mineralized brines, as a function of their pressure, temperature, physical properties and chemical composition, requires, by itself, the application of empirical equations developed for very specifi c (and not general) situations. The mathematical description of the injection process has been derived using a signifi cant number of assumptions made to simplify the process. To that, one must add the changes in permeability of the fi lter zone and the source formation itself caused by the precipitation of various types of substances and products of corrosion processes. Because of all these factors, calculation of the pressure to overcome when injecting brine to the source rock formation can only be estimated and approximated. Having a well-prepared mathematical or numerical model, we can only describe reality with some approximation. Carrying this kind of calculation has its value and is useful if only to illuminate the scale of the problem and identify the issues that need to be overcome.
The calculations performed using the model provide confi rmation of the relationships between the progressive increase in injection pressure and decrease in absorbance index observed in practice in the operation of injection wells (Figures 3 and 4) . The injection pressure required also increases with the increase in the stream of liquid injected in the source layer ( Figure 6 ) and it decreases with the increasing temperature of the liquid. Unfortunately, the decrease in injection pressure required with increased temperature results in loss of geothermal power capacity ( Figure 6 ). wytracania wtórnych substancji mineralnych z wody geotermalnej badanego systemu jest węglan wapnia w formie aragonitu i kalcytu. Wykazano, iż w skutek kolmatacji strefy czynnej szczególnie gwałtownie ciśnie-nie zatłaczania rośnie w pierwszej dobie. W kolejnych godzinach, przyrost ciśnienia ma charakter zbliżony do liniowego i sukcesywnie rośnie, osiągając wartość ~2,2 MPa po 120 godzinach. Indeks chłonności spada, szczególnie wyraźnie w okresie pierwszych 6 godzin (Fig. 4) . W rozpatrywanym przedziale czasu jego wartość maleje z pond 42 do ok. 18 m 3 /h/MPa po 120 godzinach od rozpoczęcia zatłaczania. Wyniki prognozy znalazły potwierdzenie w trakcie realizacji rzeczywistych badań w otworze chłonnym. Indeks chłonności w trakcie wykonywania testów hydrodynamicznych po czasie 120 godzin spadł do ok. 20 m 3 /h/MPa.
